Objective: Pain response may be altered in infants born very preterm owing to repeated exposure to procedures in the neonatal intensive care unit. Findings have been inconsistent in studies of behavioral and cardiac responses to brief pain in preterm versus full-term infants following neonatal intensive care unit discharge. To our knowledge, cortisol reactivity to pain has not been compared in preterm and full-term infants. We examined pain reactivity to immunization in preterm and full-term infants.
T here are growing evidence that pain and tactile processing are altered in preterm infants while they are in the neonatal intensive care unit (NICU), 1,2 in infancy, 3 and later in childhood. [4] [5] [6] [7] [8] [9] Animal studies have highlighted the importance of timing and extent of neonatal insult in modulating later pain reactivity, and that effects include long-term changes in somatosensory processing. [10] [11] [12] [13] To understand the development of altered pain expression in preterm children, studies are needed in infancy, as pain responses as children develop are modified by social factors such as pain modeling in the family. 14 There are few biobehavioral studies of pain reactivity in preterm compared with full-term infants in the first-year after hospital discharge. In an earlier longitudinal study, using blood collection by finger lance at a ''pain-naive'' site, we unexpectedly found no differences in behavioral and heart rate reactivity or recovery at 4 months corrected chronological age (CCA), 15 but significant differences later at 8 months CCA. 3 However, finger lance is a relatively mild pain stimulus, involving only a single skin-break. Therefore it is important to evaluate reactivity to a more intense stimulus. Immunization injections are painful stimuli routinely experienced by infants and young children. 16 In full-term infants, immunization induces behavioral reactions characteristic of infant pain, and increased heart rate and cortisol. [17] [18] [19] [20] Earlier work has shown that the pattern of basal cortisol secretion is altered in preterm infants, 21, 22 and children, 23 and during reactivity to cognitive novelty in infancy, 21 but not to a social stressor at school age. 23 Cortisol reactivity to physical stressors has not been examined, to our knowledge, in preterm compared with full-term infants.
In the present study we examined reactivity and recovery to pain of immunization injections, in preterm compared with full-term infants at 4 months CCA. We hypothesized that infants born very preterm would show altered behavioral and physiological reactivity to injections during immunization, and that these effects would be especially marked in those born below 29 weeks gestation, as these infants were exposed to the most invasive procedures during neonatal care, in addition to being developmentally the most immature. Furthermore, sex differences in long-term effects of pain have been reported in neonatal rats, 24, 25 with the direction depending on multiple factors. Therefore, we explored sex differences in this study, as a secondary question. study. Preterm infants were recruited from the neonatal intensive care unit (NICU) at the Children's and Women's Health Center of British Columbia, which is the major tertiary neonatal unit in British Columbia, Canada; fullterm infants were recruited by advertisement.
During the study period, vaccination protocols changed in British Columbia, affecting the number of injections given. We studied infants during one vaccination between 2 to 6 months corrected age, since earlier studies in full-term infants have shown that this age range provides the maximal cortisol response to immunization injections, with significantly less response at later ages. 26, 27 Immunizations are scheduled by chronological age, whereas physiological reactivity must be compared by corrected age, thus age was difficult to match in relation to prematurity status. In this study, we included only infants that received 3 injections (excluding 30 infants with 2 injections and 1 with 4 injections). A further 7 infants (3 preterm, 4 controls) were excluded due to feeding within 30 minutes that could affect cortisol assays. 28 Infant recruitment and exclusions are shown in Figure 1 . The final sample of 100 infants (68 preterm, 32 full-term), comprised 29 infants born preterm at extremely low gestational age (ELGA r28 wk GA; 16 boys, 13 girls), 39 born preterm at very low gestational age (VLGA 29 to 32 wk; 27 boys, 12 girls) and 32 infants born full-term (39 to 41 wk GA; 20 boys, 12 girls), Table 1 . For power of .80 with a Type 1 error rate of 0.05, 29 infants were needed in each group, based on earlier work. 3 
Measures Behavior
Using the Neonatal Facial Coding System (NFCS 29 ), the 7 facial actions (brow bulge, eye squeeze, nasolabial furrow, open mouth, vertical mouth stretch, horizontal mouth stretch, taut tongue) most commonly indicative of infant pain were coded from videotapes in 2 second time segments, across 10 epochs from the start of each phase of vaccination (Baseline, Prep, first Injection, third Injection, Recovery), for a total of 20 seconds of facial coding per event. Coders were blinded to all infant and parent information, and trained to achieve interrater reliability above 0.85 using the conservative method of Eckman and Friesen. 29 
Heart Rate
Heart rate was measured continuously with the Biolog 3992, using 3 leads. Heart rate was averaged for 30-second epochs: Baseline (90 s, 3 epochs), first Injection ( 
Cortisol
Saliva was collected with a sorbette, extracted and stored at À201C until assayed in duplicate using the Salimetrics High Sensitivity Salivary Cortisol Enzyme Immunoassay Kit (Salimetrics, LCC, Pennsylvania). Intra and interassay coefficients of variation were 3.65% and 6.41%, respectively. Saliva was collected 3 times: Basal (before vaccination), Reactivity (20 min after first Injection), Recovery (30 min after first Injection). The timing of cortisol measures was based on a earlier study of immunization in full-term infants. 19 
Medical and Nursing Chart Review
A neonatal research nurse conducted chart review from birth to term equivalent (39 wk+6 d) including, but not limited to, gestational age, early illness severity using the Score for Neonatal Acute Physiology II (SNAP II) on postnatal day 1, the number of skin-breaking procedures (eg, heel lances, intramuscular injections, central lines, and chest tube insertions), intravenous morphine exposure adjusted for daily weight.
Procedures
This study was approved by the University of British Columbia Clinical Research Ethics Board. A parent provided written informed consent. Infants received their vaccination at home, in one visit by 2 research staff and a registered nurse from the Vaccine Evaluation Center, Child and Family Research Institute who administered the vaccinations. Visits were 9:00 to 11:30 a.m. to avoid diurnal variation affecting cortisol. Infant health status was confirmed by phone interview on the day before the visit.
When the infant was comfortable, the first saliva sample was collected (Basal), the videocameras turned on, and leads attached to the infant's chest for cardiac recording. Three intramuscular injections of 0.5 mL volume were administered in alternate thighs using 25 gauge needles: Injection l: Diphtheria, Tetanus, acellular Pertussis, inactivated Polio, Haemophilus influenzae type b conjugate; Injection 2: recombinant Hepatitis B; Injection 3: pneumococcal conjugate vaccine. Vaccine Evaluation Center nurses used a standard procedure, with the infant on the mother's lap, facing outward to expose the anterior portion of the thighs. In this naturalistic study mothers were free to provide soothing as needed. Data collection, videotape scoring, cardiac data processing and cortisol assays were carried out by staff blinded to the purpose of the study, group status and all clinical information.
Data Analysis
Univariate repeated measures ANOVAs, with the conservative Greenhouse-Geisser correction, was used to examine facial activity (NFCS scores), heart rate, and cortisol across phases of immunization (Baseline, Injections, Recovery), by Group (ELGA, VLGA, Full-term) and Sex (Boys, Girls). Statistical significance for main effects and interaction effects was set at P<0.05. Significance levels for posthoc analyses were adjusted using the Bonferroni correction to reduce type-one error.
RESULTS

Infant Characteristics
As expected, the groups (ELGA, VLGA, Full-term) differed on neonatal variables (Table 1 ). Since immunizations are scheduled by chronological rather than corrected age, CCA on the test day was significantly lower for the ELGA group (mean 3.6 mo) compared with the VLGA (4.5 mo) and full-term (4.5 mo) infants, but did not differ by sex (P=0.15). Therefore CCA was used as a covariate in all ANOVAs.
Facial Behavior
Brief periods of missing data owing to the face out of view of the camera were replaced with the mean for the subgroup by sex, affecting 3% of the facial data. Analyses were repeated with and without replacement for missing data and results were the same. NFCS face actions showed significant changes across Events (P <0.0001, Z=0.122). Posthoc t tests with Bonferroni correction showed that facial activity did not change from Baseline to Preparation of cleansing with the alcohol swab (P=0.71), but increased after the first Injection (P <0.0001), increased further from the first to the third Injection (P <0.0001), decreased during the first Recovery epoch (P <0.0001) and decreased further during the second Recovery epoch (P<0.001). There were no significant differences for the Subgroups, Sex, or CCA (each P>0.25). NFCS scores for the ELGA, VLGA, and Full-term subgroups, adjusted for CCA, are shown across Phases of immunization in Figure 2 . Heart Rate (HR)
Mean HR was compared across 30 second epochs for Events (3 epochs of Baseline, after the first and third Injections, and 6 epochs of Recovery). Brief periods of missing data owing to turbulence in the signal were replaced with the subgroup mean by sex for 7% of the HR data. Data analyses were repeated with and without missing data replaced, and the results were the same. HR changed significantly across Events for all Groups (P<0.0001, Z=0.05), with post hoc t tests using Bonferroni correction indicating significant increase from the end of Baseline to the first Injection, increase from the first to the third Injection, decrease from the third Injection to the first Recovery epoch, and decline during each epoch of Recovery (every P<0.0001). There were no differences by Subgroup (P=0.70) or Sex (P=0.78), however CCA was significant (P=0.023). Pearson correlations between CCA and each phase of immunization (using Bonferroni corrections to control type-1 error) indicated that lower CCA was associated with high basal HR (Baseline 1 & 2, r= À 0.30, P=0.003, r= À 0.33, P=0.001, respectively) but no differences during Reactivity or Recovery. HR for the Subgroups, adjusted for CCA, across the Phases of immunization is shown in Figure 3 .
Cortisol
Cortisol values for 3 infants were outliers (outside 3 SD from the mean) and were winsorized. 30 Inadequate quantity of saliva affected 18/150 samples (12%). Analyses were repeated with and without replacement for missing data, and the results were the same.
Cortisol levels changed significantly for all Groups across Events (P=0.011, Z=0.063), with post hoc tests using Bonferroni correction indicating significant increase from Basal level to 20 minutes postinjections (P=0.0001), and significant decrease by 30 minutes postinjections (P=0.0001). There was no main effect for Subgroup or Sex, and CCA was not significant (each P >0.49). Importantly, there was a significant Subgroup X Sex interaction (P=0.045, Z=0.07). To explore the interaction, one-way ANOVA for boys and girls separately was conducted, adjusted for CCA. The girls did not differ significantly (P=0.64). For boys, after adjusting for age (CCA, P=0.36), planned contrasts indicated lower overall cortisol concentrations in the ELGA and VLGA preterm boys combined compared with the fullterm boys (P=0.028), but no difference between the ELGA and VLGA boys. As reactivity was the primary question in this paper, we explored cortisol reactivity (after the injections) using planned contrasts, indicating that both the ELGA and VLGA boys showed lower cortisol reactivity to the injections than the full-term boys (P=0.006, Z=0.132). Mean cortisol concentrations by Subgroup and Sex, adjusted for CCA are displayed in Figure 4 , and for boys only in Figure 5 .
Potentially confounding medical factors in the NICU that may have contributed to this sex difference were examined within the preterm sample using t tests. Surprisingly, there were no statistically significant differences between boys and girls in early illness severity (day 1 SNAP II; P=0.61), number of days of mechanical ventilation (P=0.85), duration of other respiratory support (P=0.77), or number of skin-breaking procedures (P= 0.59). One ELGA boy and one ELGA girl had an abnormal finding on neonatal cranial ultrasound. When the preterm infants were in the NICU, the number who had surgery did not differ between the boys (25%) and girls (20%), P=0. 19 . In contrast, however, surgery (eg, hernia repair) was carried out between term equivalent (ie, 39 wk and 6 d gestational age) and the study day, on 7 boys (4 ELGA, 2 VLGA, 1 full-term), but none of the girls.
Additional Analyses
Data were reanalyzed excluding 3 ELGA infants that had received postnatal dexamethasone in the NICU, with the same results.
DISCUSSION
We examined facial activity, heart rate, and stress hormone (cortisol) responses concurrently to the pain of 3 immunization injections, in infants born extremely preterm (ELGA), and very preterm (VLGA), compared with fullterm. Cortisol, the end-product of the hypothalamicpituitary-adrenal (HPA) axis, and thereby the primary stress hormone in humans, is an important biomarker of overall stress response, whereas facial reactivity (using the NFCS) together with change in heart rate, have been widely used as indicators of infant pain. We compared reactivity of preterm and full-term infants to a relatively prolonged stimulus involving 3 injections, rather than a brief single stimulus of finger lance studied previously. 3, 15 There were 3 important findings in this study. First, contrary to our hypothesis, regardless of maturity at birth, infants showed no differences in facial and heart rate responses to immunization at 4 months CCA, suggesting comparable pain reactivity and recovery. Second, in contrast to these pain indices, cortisol reactivity differed depending on infant sex and prematurity status. Third, both facial behavior and heart-rate responses increased from the first to the third Injection in all groups, indicating that 3 injections elicited a greater pain response than a single injection. Given that cortisol concentrations do not reach peak levels until at least 15 minutes poststressor, it was not possible to compare cortisol changes to the first versus the third injection as they were administered in quick succession. Similarly, owing to the rapid succession of injections, it was not possible to examine change in facial or heart rate responses from the first to the second injection.
This is the first study, to our knowledge, to compare cortisol reactivity to a physical stressor in preterm and fullterm infants. Our earlier studies found preterm infants (ELGA and VLGA) showed significantly lower basal cortisol levels than full-term infants at 3 months CCA, 22 no differences at 6 months CCA, 22 and a shift to higher basal cortisol levels in ELGA relative to VLGA and full-term infants at 8 and 18 months CCA. 21, 22 In the present study, at 4 months CCA we found that preterm boys (both ELGA and VLGA) had lower cortisol concentrations after the 3 immunization injections compared with full-term boys, whereas girls did not differ by prematurity status. Importantly, in a study of cortisol reactivity to vaccination in preterm infants at 4 months (with no term born controls), higher neonatal cortisol levels in the NICU predicted greater cortisol response at 4 months, but male sex was associated with lower response, 31 consistent with the present findings. In earlier studies of full-term infants' response to immunization, either no sex difference 19, 32, 33 or greater response in boys 18 was reported. In studies comparing pain responses in former preterms and full-terms later in childhood, sex differences have not been examined to our knowledge. [6] [7] [8] [9] Animal studies, however, reveal complex sex differences in long-term effects of early pain exposure, depending on multiple factors, including genetics, sex, and experience. 24, 34 In the adult pain literature, women show higher levels of pain and more recurrent pain than men (eg, 35 ). In the present study, we found no sex differences in facial or heart rate reactivity at 4 months CCA, however, lower cortisol concentrations in preterm boys may have more widespread implications for the developing infant, given the importance of cortisol for metabolic and brain function. 36 Too high or too low levels of cortisol are associated with difficulties in memory and executive functions subsumed by brain areas (hippocampus, frontal cortex) that are rich in glucocorticoid receptors in humans. 37 Boys born preterm show poorer neurodevelopment later in childhood relative to preterm girls, 38 however, whether altered cortisol regulation may in part contribute to this is unknown.
Currently, infants in industrialized countries receive as many as 20 immunization injections in the first 18 months of life, with multiple injections at some visits. In this study, we found that both facial behavior and heart-rate responses increased from the first to the third injection in all groups, indicating that 3 injections were demonstrably more ''painful'' than a single injection. Owing to the rapid succession of injections, the second injection could not be compared. Our findings suggest that consideration be given to the spacing or grouping of injections, particularly for vulnerable infants.
Strengths of this study were that all vaccinations were carried out by experienced research nurses, using a standard protocol for injection administration and infant position, and that we compared responses by degree of prematurity (ie, infants born r28 wk with those born 29 to 32 wk), and by sex. A limitation of this study was the range of age at immunization. However, given that immunizations are administered by chronological age, and infants must be healthy to receive their shots, controlling timing of vaccinations across the full range of very preterm compared with full-term birth does not seem to be possible. Corrected age was not related to the facial or cortisol measures; baseline heart rate was higher in the ELGA group, consistent with earlier findings, 3 but did not affect reactivity or recovery. Further limitations were that sex was unbalanced (fewer girls), which may have contributed to our finding of no differences between the groups for girls, and ethically we encouraged mothers to provide soothing that thereby varied. It is a major challenge to examine pain past the neonatal period in preterm infants, as only medically necessary procedures can be studied. Neonatal invasive procedures are associated with behavioral, physiological, and hormonal changes that impact neurobiological development of both stress systems 9,21-23 and nociceptive (pain) systems in human infants born very preterm, 3, 5, 6 months to years after hospital discharge. However, effects are complex. For example, quantitative sensory testing at 9 to 14 years showed sensitization to prolonged painful stimulation, but hypoalgesia to brief pain, in children who had received neonatal intensive care, 7 consistent with our earlier findings of hypersensitivity and hyposensitivity in preterm infants at 8 months CCA. 3 Animal studies have confirmed the importance of timing and extent of neonatal insult, and that effects are not only local, but include global long-term consequences on somatosensory processing. [10] [11] [12] [13] It is unclear why pain response is not differentiated in preterm infants at 4 months in this study, or previoulsy at similar age with a different sample and stimulus condition. 15 Age 3 to 6 months is a period of reorganization in multiple physiological and behavioral systems, such as sleep/wake states and cry patterns, 39 and the emergence of cyclical diurnal rhythm in cortisol. 40 Longitudinal studies are needed to understand the developmental trajectory of tactile, nociceptive, and somatosensory processing in infants born very preterm.
Importantly, our findings of altered cortisol regulation in boys born preterm, compared with full-term, may have important implications for understanding greater vulnerability in cognition and behavior in male preterm infants across the developmental spectrum. In contrast, infant pain perception, indexed by facial activity and HR to immunization, seemed indistinguishable among infants born ELGA, VLGA, and full-term at 4 months CCA, unlike previous work at earlier and later ages.
